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1.0 BACKGROUND. Administration of 250 ug of Bordetelle wItIpuA vaccine (BPV) to
mice intrapetitoneally (i.p. ) renders the animals resiute.nt to a lethal do*e challenge
of mouse adenovirus. (NAdlgt4) 7 days after treatment (1). A similar activity had been
r.ported with type 1 herpes simplex was used as the challenging virus (2). These
observations provided the background for the objectives of identifying the molecule or
complex of moleculen in L. pertussin that induced resistance to a HAdlgt4 challenge
and characterizing their mechanism of action. Investigation of this molecule or
complex of molecules will lead to a better understanding of imaunomodulation and
nonspecific remistance mechanisms.

1.1 FIRST CONTRACT YEAR (3). We established that the antiviral activity of BPV was
not associated vith a given phase or strain of B. uertussii but was assouiated with
many strainb, including phase I and phane IV strains. Acellular fractions of B.

pertul!ll demonstrated antiviral activity. Acellular fractions included a 1.0 M NaCI
extract of whole cells (produced by Dr. R. D. Lessmon, Connaught Laboratories, Inc.,

Swiftwater, PA), a cell surface polymaccharide removed from whole cells by shearing in
a Waring blender, end lipopolynaccharide (LPS) extracted by the phenol-water method of
Westphal. All of these fractions contained endotoxin as detected by the Limalus
amoebocyte assay.

1.2 SECOND CONTRACT YEAR (4). We established that an acellular fraction of B.
pertussip (Boivin antigen extracted in 2.5< trichloroacetic acid from whole cells)
induced resistance to mouse adenovirus infection. Doses In'the range of 20 ug
(approximately 0.9 og/kg) induced resistance, whereas doseo in the reni1& of 2.0 ug
(approximately .09 ag/kg) induced resistance when adsorbed to alum.
Lipopolyuaccharide extracted from boivin antiuen by phenol-water precipitation of the
proteins induced resistance also. Similar concentrations nf.gliding bacteria adjuvant
(provided by Dr. William R. Usingerl did not induce resistance. Boivin antigen
consisted of 5-7 major proteins (detected by SDS-polyacrylaailde gel electrophoresis
end PAGE blue 83 staining ) and lipopolyeaccharide (detected by SDS-polyacrylamide
gel electrophoresis and silver staining). Boivin antigen will be designsted hereafter
aso EP-LPS, i.e., co-extracted ondotoxin-associated proteins and lipopolyeaccharide.
Tvo dimensional polyacrylamide qe1 electrophoresis indicated that several of the
proteins of EP-!.PS were not closely associated with the LPS. However, Western blot of
the -two dimensional gels revealed several minor proteins that were iamunodominant
antiqens and that appeared to he associated vith at least a portion of the LPS
friction.

2.0 THIRD CONTRACT YEAR.

2. CSMYTNUED VIRUS PROTECTION ST1UDIES OF F.P AND LPS DERIVED FROM 'EF-LPS BY THE
PLrNCOL-WATER METHOD. Dr. Rarnet iultzor, Dovnstate Medical Center, SUNY, separated

P.LPS into EP and LPS ýiinq phenol-vator.procipitatioriof the proteins (4). Over a

:,riod of time the LI'S preparation appeared to loso potency. 'Our inital experiments
droonetrated activity repeatably at a lAoaeage of 20 ug; however, subsequent
et:-erisents demonstrated acttvity only at hIJer dosage, i.e., 80 - 160 ug (Table

1.i. ). The LPS is@ stored at 41C and the cheaical characteristics of the
or-•maration, such an aicelle xze., say save chanqed or the molecule say ha%,e suffered

.'•.w+i 'ml degradation. A ;osalhle role of FP ray be the stabilization of the LPS
•''ty oi an active -onfiguration -)ver a long period of storage. Reconstitution of

• ,-• i,:tvd onlotoxin-%mo-mnaimd pr-'Žteins and LPS failed to return activity (Table

2m n n m i I l I I I I I
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Finally, a protective activity of the Alhydrogel was noted in several experiments. At
approximately the same time Dr. P. S. Morahan, Medical College of Pennsylvania, also
noted protective activity using the eame lot of Alhydrogel in a herpes simplex virus
infection model (personal communication). We could not detect bacterial or endotoxin
contamination in this lot of Alhyrogel. Due to the intermitent protective activity of
Alhydrogel and communication with Dr. R. Bomford, Wellcome Research Laboratories,
England, concerning immunomodulmaton by alum 45), we have discontinued the use of this
component in our experimental protocols. In an attempt to find an EP-LPS
potentiating agent to replace alum we tested a combination of block copolymers
(copolymers of blocks of hydrophobic polyoxypropylene and hydrophilic polyoxyethylene)
that has adjuvant and inflammatory activity (6). Block copolymers L121 and TI5ORI and
EP-LPS in combination demonstrated antiviral activity; however, much to our suprime
the combination of block copolymers L121 and T15ORI demonstrated antiviral activity
also (Table 2.1.3). Subjectively, the group of mice treated with block polymers alone
exhibited more signs of disease, i.e., rough fur, hunched back, and huddling, but
health returned. Future studies of EP-LPS immunomodulation will include comparison of
block polymer antiviral activity.

Table 2.1.1. Dose-Response of LPS Extracted From EP-LPS.

Mortality'
Treatment* (deaths/total)

Experiment 1c:

EP-LPS, 40 ug/al 9/10
EP-LPS, 4.0 ug/ml 11/11 -
EP-LPS, 0.4 ug/ul 10/10 4.
Alhydrogel 10/10 .1

Experiment 2:

EP-LPS, 40 ug/ml 9/9 . -.. ,
EP-LPS,. 4.0 ug/ml 10/10
Alhydrogel 9/10

Experiment 3:

EP-LPS, 160 ug/al 4/10 A .
EP-LPS, 80 ug/ml 1/10 I J
EP-LPS, 40 ug/ml 6/10
A]hydrogel 6/10

EP-LPS was muspended in alum at a concentration of 1.0 mg/Il %nd the designated dose
in 0.5 ml of endotoxin-free water was injected i.p. into C3H/HeN mice 7 days prior
to challenge with MAdlpt4 (3.2 LD%,, Exp. I and 2; 3.1 LD,. Exp. 3)
ý' eths were recorded daily. All mice died within 3 to 11 days after infection.
€ Rported previously (4).
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Table 2.1.2 Reconst tution of EP-LPS

Mortality*
Treatment* ,(deaths/total)

16 ug EP * 16 ug L + Alhydrogel 10/10
8 ug EP * 8 ug L * Alhydrogel 9/10
4 ug EP + 4 ug L + Alhydrogel 10/10
2 ug EP + 2 ug L S # Alhydrogel 10/10

4 EP (endotoxin-as ociated protein and LPS were each suspended in alum at a
concentration of 1.0 mg/al, incubated at 25"C for 30 min, diluted in endotoxin-free
water, and the d signated dose in 0.5 *i1 wa injected i.p. into C3H/HeN mice 7 days
prior to challen e with NAdlpt4 (3.2'LD,O, Exp. I and 2; 3.1 LD,0, Exp. 3)

6 Deaths were reco ded daily. All mice died within 3 to 11 days after infection.

Toble 2.1.3. Poten iation of EP-LPS Antiviral Activity by Block Copolymers L121 and
T15ORI

Mortality$
Treatment' (Deaths/Total)

None 9/10

10 ug EP-LPS 10/10

10 ug EP-LPS * 5 u Drakeol
1.25 og L121 + 1.2• mg TISORI 0/10

5 ul Drakeol 1.2 mq L121
1.25 mg TISOR1 0/10

EP-LPS alone wan resuspended in endotoxin-free PBS containing 0.2% Tween 0. EP-LPS
was combined wi h drakeol, L121, and T150RI. The materials were mixed thoroughly
using a Kontea luposable micropeutle and mortar. A uniform emulsion was formed by
adding endotoxir -free PBS containing 0.2% Tween 80 and mixing in the micromortar.
The emulsion (5C ul) wva injected immediately i.p. into C3H/HeN mice 7 days prior to
challenge with $Adlot4 (5.7 L.Di,). An emulsion of the block polymers alone was

-formed in the a me manner.
' Deaths were rec rded daily. All mice died within 3 to 12 days after Infection.

- - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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2.2 ADDITIONAL BIOCHEMICAL CHARACTERIZATION OF EP-LPS. An attempt was made to
separate EP-LPS into a protein and lipopolysaccharide fractions under nondenaturing
conditions using gel filtration. Ultrogel AcA 34 separates proteins in the range of
20,000 - 300,000 molecular weight. Under nondenaturing conditions major peaks of
protein were associated with LPS (Figure 1). Theme data support our previous findings
using two dimensional gel electrophoresis and Western blot (4). Pools of fractions
21-34, 35-4, 48-100 were lyophilized. Recovery of material fro* the column was poor
and was insufficient to test in the MAdipt4 infection model. We will proceed to
separate all detectable protein from LPS in the EP-LPS complex by isoelectric
focusing. Dr. David Morrison, University of Kansas Medical Center, Kansas City, KS
has agreed to separate the EP and LPS in preparative quantities on his newly developed
isoelectric focusing apparatus. The separated fractions will be stored in a
lyophilized state until immediately before testing. Testing of the highly purified
fractions will answer definitively whether all of the antiviral activity resides in
the LPS moiety of EP-LPS. In addition, Dr. B. Sultzer, Downstate Medical Center
SUNY, has developed a technique for separating two species of LPS derived from S.
pertussis and has reported differing issunomodulatory activities for each species
(personal communication). We have acetone-dried approximately 200 g of I. pertussis
cells and Dr. Sultzer is currently extracting the two species of LPS. We will test
tho antiviral activity of each LPS species when it becomes available.

Figure 1. Protein and Endotoxin Profile of EP-LPS Chromatographed on an Ultrogel
AcA 34 Column.

5 ".0--e LAL- --- LAL > -' LAL-

.-. 4.0

:z 3.0
z
L- 2.0
0

0 203 40 60 80 100
FRACTION NUMBER

ZP-LPS (1.0 mg) wan applied to an Ultrogel AcA 34 column (1.0
ci x 50 cm) in sndotoxin-free, azide-free PBS, pH 7.2.
Frictions (approximately 10 ml) were collected and assayed for
the pr-aence of LS (Limulus amoebocyte assay, (7)] and
protein (fluorpscamine assay, (8)].
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2.3 DEVELOPMENT OF RESISTANCE TO VIRUS INFECTION AFTER EP-LPS TREATMENT. The
protective effect of BPV appears five days after treatment and susceptibility returned
to a portion of the test population after 35 days (10). The protective effect of
EP-LPS appeared two to three days after treatment (Table 2.3.1). EP-LPS may not
require the extent of processing' that whole cell BPV would require to release the
active antiviral substance and consequently the extracted mater:eal can Imaunomodulate'
the animal in a shorter time period. In addition, the EP-LPS induced antiviral state
may decay more rapidly than BPV induced resistance.

Table 2.3.1. Kinetics of Resistance to Virus Challenge After EP-LPF Treatment.

Mortality'

Treatment' (deaths/total)

Experiment 1:

Day 0 5/5
Day -3 1/10
Day -5 4/10
Day -7 2/5
Day -10 1/5
Endotoxin-free PBS 5/5

Experiment 2:

Day 0 5/5
Day -1 8/9
Day -2 4/10

" EP-LPS was suspended in endotoxin-free PBS at a concentration of 1.0 mg/ml and 50 ug
in 0.5 ml vwa injected i.p. into C3H/HeN uice on the day indicated prior to
challenge'with MAdl1r4 (5.7 LDs,).

* Deaths were recorded daily. All mice died within 3 to 11 days after infection.

2.4 COMPARISON OF THE ANTIVIRAL ACTIVITY OF Bordetelle 2ertussis AND Escherichia coli.'
Previous studies 'comparing LPS derived from E. coli and B. pertussis demonstrat-d that
q. pertussis derived LPS was unique in its ability to induce an antiviral atate
(3,11). Boivin antigen prepared from E. coli (EP-LPS/EC) did not induce resistance to
a souse adenovirus challenge; however, a vhola cell vaccine induced resistance (Table
2.4.1). These data suggest that components of the whole bacterial ceil other then the
LPS moiety can induce resistance to a souse adenovirus challenge.

2.5 BPV TREATMENT AND PERITONEAL CIRCULATION. One possible mechanism of reuistance to
virus challenge following BPV treatment 1, the blockage of peritoneal-blood
circulation by an inflammitory response. Our previous studies indicated that MAdlPt4
appeared in Lhe circulating blood 5.0 min after i.p. inJection (3). BPV-treatment did
not impair the circulation of '"0I-labeled proteins from the peritoneum to the
circulating blood (Table 2.5.1). The percentage of label appearing in the circulating
blood after i.p. inoculation correlated well with the percentage of virus appearing in
the circulaling blood after. i.p. inoculation as observed previously.
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TL'1e 2.4.1. Antiviral Activity of F. coli and P. Dertussie Bovin Antigano

Mortality9

Treatment* (deaths/total)

Experiment 1:

E. coll 201 boivin antigen, 50 ug 5/S
P. pertusuis boivin antigen, 50 ug 3/5
Endotoxin-free water 5/5

Experiment 2:

E. coll 201 vaccine, 250 ug 0/10
E. coil 410 vaccine, 250 ug' 0/10
Saline-merthiolate diluent 7/10

' The designated dose in 0.3 ml of endotoxin-free water (Experiment, 1) or
saline-merthiolate diluent (Experiment 2) was injected i.p. into C3H/HeN nice 7 days
prior to challenge with MAdl1t4 (Exp. 1, 7.4 LD,.; Exp. 2, 4.2 LD9,)

* Deaths were recorded daily. All mice died within 3 to 11 days after infection.

Table 2.5.1. Migration of Mouse Serum Proteins from the Peritoneum to the Circulating
Blood After BPV Treatment.

Radioactivity in the Circulating Blood'
T:eatmentO House 30 %in 90 sin 300 min

Hone A 31,665 134,514 123,621
B 5,470 41,619 74,493
C 26.535 101.933 97_736

average 21,223 92,687 98,617

BPV D 31,035 57,244 28,518
E 21,699 42,136 62,224
F 20,915 56.767 81,921

average 24,550 52,049 57,554

SM G 12,840 28,519 46,601
H 27, 139 46,'875 72, 622
1 9,596 28.996. 81.180

average 16,525 34,786 66,868

Dialyzed normal mouse serum proteins were labeled with '0'I using chloramine-T.
Unincorporated label was removed by passage of the label proteins over a G-25
Sephadex column. Mice were inoculated i.p. with 1.2 x 10' cpm in 0.5 ml.

' Samples (50 ul) were removed by retroorbital bleeding at the times designated and
the radioactivity was determined in a gamma counter.
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2.6 IMMUNOMODULATION OF CELLULAR ACTIVITIES FOLLOWING TREATKENT WITH EP-LPS. The
white blood cells in ioth the peritoneum and circulating blood vere examined after
treatment with BPV and EP-LPS to obtain an initial characterization of the cellular
changes that occur seven days after immunomodulation, i.e., the state of white blood
cells at the time of virus challenge. EP-LPS treatment induced a decreased level of
;eukocytomis and elicited fewer white blood cells in the peritoneum, am compared to
BPV (Table 2.6.1). Differential counts of the the blood indicated that BPV and EP-LPS
inducm•d Increased numbers of different cell populations. The notable changes in
absolute counts induced by BPY ih the peripheral blood was an increase in the numbers
of neutrophils, transformed lymrhocytes, and aonocytes, whereas the notable changes
induce by EP-LPS was an increasu in the number of lymphocytes (Table 2.6.2). A
similar picture of cell population changes was ootained in the peritoneum (Table
2.6.3). In addition, EP-LPS treatment appeared to deplete the monocyte/macrophage
population in the peritoneum. Thus, the difference between BPY and EP-LPS
immunoaodulation was both quantitative and qualitative.

Activities of those cells classified as lymphocytes by the Wright-Giessa stain were
examined. The spleen was used as the source of cells. EP-LPS treatment did not
induie a notable increase in the number of antibody-forming cells (IgH) in the spleen
seven days after treatment (Table 2.6.4). EP-LPS treatment did not induce a notable
increase in the number of cytolytic T-celid in the spleen seven days after treatment
(Table 2.6.5). EP-LPS treatment induced a slight increase of natural killer cell
activity in the spleen seven days after treatment, whereas LPS derived from E. coli
decreased natural killer cell activity in the spleen (Table 2.6.6) and does not induce
antiviral activity (11). Additiondl assay of natural killer cell activity in the
spleen confirmed only marginal increases following seven days of EP-LPS treatment
(Table 2.6.7). Natural killer cell activity s•ppearred to be induced earlier th2n
seven days had decayed to nearly normal levels by this time (Table 2.6.8). Assay of
natural killer activity present in the peritoneal cavity four days after treatment
with EP-LPS did not reveal increased activity (data not shown). Bukowski and
coworkers reported that treatment of mice with anti-asialo GHI rabbit serum decreased
the LD,. of mouse cytomegalovirus (12). Using the same conditions, BPV induced
resistance was not abrogated by anti-asialo GMi serum treatment (results not shown).

Activities and regulation of those cells classified as macrophages by the
Wright-Giemsa stain were examined. The system chosen for study was the activiation of
bone marrow derived macrophages. Bone marrow derived macrophages can be activated by
treatment with E. coli derived LPS (LPS/EC) and gamma interferon to become cytolytic.
Dr. Paul A. LeBlanc has demonstrated that activated bone marrow. derived macrophages
can effect cytolysis of virus (vesicular stomatitis virus) infected cells. LPS/EC
induces bore marrow derived macrophages to synthesize interferon also. The ability of
EP-LPS to induce interferon production by bone-marrow derived macrophales was
examined. Bone-marrow derived macrophages responded to EP-LPS treatment in a manner
similar to LPS/EC (Table 2.6.9). However, the bone-marrow derived macrophages did not
rsapond to similar concentrations of EP-LPS/EC. As mentioned previously, EP-LPS/EC
did not induce resistance to a MAdlpt4 challenge (Table 2.3.1!, however, the
preparation retained full activity in the Limulus amoebocyte assay. EP-LPS was not as
effective as LPS/EC in activating the cytolytic activity of macrophages via the gamma
interferon pathway (Table 2.6.10) and EP-LPS did not activate the cytolytic activity
of macrophagea directly. Incubation of EP-1,PS with macrophagcs resulted in culture
3upernatants that activated the cytolytic activity of macrophages by a pathway
different from LPS/EC activation (Table 2.6.11). Suosequent experiments suggest that
the EP-LPS is activating the cytolytic activity of macrophages directly, i.e., the
pre-incubation with macrophages is not necessary.
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Table 2.6.1 Leukocytosis after Treatment with BPV and EP-LPS.

Troatmente
White Blood Cell Count* Diluent BPV EP-LPS

Blood (x 104 cells/el) 9.7 1 1.3 27.5 t 3.8 17.2 1 1.6
Peritoneal Lavage (cells/ml) 2,427 s 104 2,971 1 238 2,703 ± 472

6 The total number of white blood cells were enumerated using a Coulter Counter, Model
ZBn.

9 BPV (250 ug dry weight) was suspended saline-thimerosal diluent. EP-LPS (20 ug) *as
suspended in endotoxin-free water. Treatment was initiated by i.p. injection of the
designated amount of material in 0.5 l, and the appropriate samples were obtained
seven days after treatment.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - ---- -----------------------a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TABLE 2.6.2. Vhite Blood Cells in Peripheral Blood after Treatment with SPY and
EP-LPS.

Treatment*

Diluent BPV EP-LPS
Cell Type- (cells/ul) (cella/ul) (cells/ul)

Band Neutrophil 214 ± 71 754 ± 289 356 ± 254
Segmented Neutrophil 3,608 t 972 16,598 ± 2,494 4,482 ± 1,588
Eosinophil 290 ± 25 443 ± 248 466 ± 506
Lymphocyte 4,846 ± 129 6,502 ± 581 10,494 ± 1,668
Transforced Lymphocyte 159 ± 64 1,133 ± 595 436 ± 104
Monocyte 660 ± 210 2,827 * 336 1,244 ± 173

' Cells were stained with Wright-Giemsa stain and differential counts were made using
the criteria of cell identification as described-.by Diggs, Wintrobe, and coworkers
(13, 14).

' BPV (250 ug dry weight) vas suspended saline-thimerosal diluent. EP-LPS (20 ug) was
.suspended in endotoxin-free water. Treatment was initiated by i.p. injection of the
designated amount of material in 0.5 al and the appropriate aamples were obtained
seven days after treatment.
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Table 2.6.3. White Bloo,4 Cells in Peritoneal Llayg. after Treatment with BPY and
EP-LPS.

TreetvmntO
Diluent SPY EP-LPS

Coll Type* (cell$/ul) (cells/ul) (cells/ul)

Band Keutrophil 53 41 26 i 26 13
Segmented Neutrophil 55 ± 56 822 1 130 104 & 36
Losinophil 231 ± 108 0 213 t 298
Lymphocyte 685 ± 151 707 t 66 1,837 a 178
Transformed Lymphocyte 49 1 22 66 + 15 33 ± 6
Monocyte 1296 ± 231 1,283 * 209 494 ± 69
Macrophage 53 ± 2 65 t 6 20 ± 8

C ells were stained with Wright-Giemsa stain and differential counts were mmde using

the criteria of cell identification as described by Diggs, Vintrobe, and coworkers
(13, 14).

IBPV (250 ug dry weight) was suspended saline-thimerosal diluent. EP-LPS 0.0 ug) was
suspended in endotoxin-free water. Treatment was initiated by i.p. injection of the
designated amount of material in 0.5 al and the appropriate samples were obtained
rzven days after treatment.

Table 2.6.4. Immunomodulation of B-cell Activity by EP-LPS

Plaques/lO6 cells. Plaques/spleen'
Day 3 Pay 4 Day .3 Day 4

Treatment' Mean Spleens Mean Spleens Mean Mean

Experiment 1:

PBS 133 .2 714 3 10,700 88,000
FP-LPS 48 2 350 3 7,600 109,600

Experiment 2:

PBS 317 4 62,300
EP-LPS 53 4 16,000

' EP-LPS (100 ug) was suapended in endotoxin-free PBS. Treatment was initiated by

i.p. injection of the designated amount of material in 0.5 al. After seien days the
vice were injected i.p. with 0.2 ml cf a lox (v/v) sheep red blood cell suspension.
r ice were sacrificed at the designated day after sheep red blood cell injection,
spleens were removed, and a direct Jerne plaque issay was performed with cell
suspensions derived from individual apleens using the slide modification of
Cunningham. The number of plaques were detersined as the mean number of plaques per
106 cells from four slides; two slides, plated at 10' cells per slide and two slides
plated at 5 x 10*ells per slide.

' Total number of nucleated cells per spleen was determined by hemacytometer counts of
the spleen cell suspension.

------' --- --------- ---------------- ,-------------II-II -II-I-i
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Table 2.6.5 Immunomodulation of T-Cell CytolytLc Activity by £P-LPS

Percent Specific Release'
EffectoriTarget Cytotoxic Unitt/Spleený

Treatment*) 5:1) (80:1. ) ( 10J

PBS 29.8 t 6.9 .86.0 • 14.6 6.48 ± 4.5
EP-LPS 26.6 t 12.5 81.8.± 18.9 6.66 ± 2.3

& EP-LPS (100 ug) ywa suspended in endotoxin-froe PBS. Treatment war initiated in
groups of three mice by i.p. injection of the designated amount of material in 0.5
ma. After seven days all groups oa. mice were injected i.p. with 10' P815
mastocytoma cells.

9 Mice were sacrificed 12 days after immunization with P815 cells, spleens were
removed, and the cells were recovered from individual spleens. Cell number was
deterained by hemacytometer counts. O'Cr-labelled P815 target cells were incubated
for IC h with varying concentrations of spleen cells to yield the designated
effector to target rstios. Specilic release eas calculated with the following
formula using the mean number of counts in the supernatants of triplicate cocults're:

experimental - spontaneous release
% specific release -------------------------------------- x 100

freeze/thaw - spontaneous release

* One cytotoxic unit represents the number of effector cells per target to yield 50%
specific release.

Table 2.6.6. Comparison of the Modulation of NK Activity by EP-LPS and
phenol-extracted £. coli LPS.

Percent Specific Release'
(Effector:Target) Cytotoxic Unitsc /Spleen

TreatmentA (12.5:1) (100:1) (x 10')

.Medium 2.1 10.5 8.9
Medium 3.5 13.5 10.7
EP-LPS, 50 ug 4.6 15.3 18.1
EP-LPS, 50 ug 10.6 17.4 40.5
LPS (E. coli), 50 ug 1.5 8.3 7.3
LPS (E. co1l), 50 ug 1.6 7.- 7.7

* EP-LPS Rnd LS (water-phenol extracted from E. coli 0111:B4) vas suspendsd in
end,)tuxln-free medium. Treatment van initiated in groups of two mice by i.p.
injection of the, designated amount of material in 0. 5 ml.

' Mice were sacrificed seven days after treatment, spleens wee removed, and the cells
were recovered from individual spleens. Cell number van determined by hemacytometer
counts. $'Cr-labelled YAC-1 target cells were incubated for 16 h with varying
concentrations of spleen cells to yield tne aesignated effector to target ratios.
5peci:7ic release was calculated Re described in Table 2.6.5.
One c/totoxic unit represents the number of effector cells per target to yield 30%
ipeciifc release.

- - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Table 2.6.7. Modulation of Natural Killer Cell Activity by EP-LPS

Percent Specific ReleaeaW
TreatmentA (EffectoriTarget) Cytotoxic Unitsi /Spleen

iotiynt" (5011) (201 (1 10")

Medium 31.7 i 8.6 49.1 i 9.0 7.9 t 4-.4
EP-LPS, 100 ug 38.1 i 6.9 61.3 z 5.5 10.5 ± 3.6

* £P-LPS was suspended in endotoxin-free medium. Treatment was initiated In groups of
four mice by i.p. injection of the designated amount of material in 0.5 ml.

* Hice were sacrificed maven days after treatmont, 'spleen* were removed, and the cellI
were recovered from individual spleen@. Cell number wam determined by heracytometer
counts. "'Cr-labelled YAC-1 tmcgat cellI were incubated for 16 h with varying
concentrations of spleen cells to yield the designated effector to target ratios.
Specific release was calculated as described in Table 2.6.5.

t One cytotoxic unit reprementI the number of effectoi'cells per target to yield 50%
specific releame.

Table 2.6.8. Development of NK Activity aftwr Treatment with EP-LPS

Percent Specific Releame*
(ELfector:Target)

Treatment* (12.5:1) (100:1)

0 (no treatment) 0.6 14.0
2 days 16.0 42.0
3 days 11.0 37.5
6 days 6.0 14.0

Two mice per group were inoculated intraperitoneally with 0.5 al of endotoxin-free
PBS containing 50 ug of EP-LPS and sacrificed at the days indicated. Spleen cells
from each pair of mice were, pooled for the assay. All mice were assayed at the same
time.

6 O'Cr-labeled YAC-1 target cells were incubated 16 h with varying concentrations of
spleen cells to yield d±iferent effector to target cell ratic•'. E:T ratios of
12.5:1 *nd 100:1 are shown here. Specific release was calculated as described in
•.ble 2.6.5.

------------~~ -- -- - -- - ---- --- ---- --- --- ---- --- --- ---- --- --- ---- --- ---
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Taken together the experiments suggest that the 'isunomodulation relevant to the
antiviral resistance observed following i P~rtussis induced resistance may be
Oifficult to identify. One ham to consider that the immunomodulated activities
measured in v&tro may be marginal as assessed, but the same iemunomodulation of
activity expressed in the microenvironment of the immune system may reflect a
substantial increase in activity. In addition, the antiviral state might result fror
marginal imaunomodulaton of several activities that act in concert.

2.7. BPV INDUCED ANTIVIRAL ACTIVITY AGAINST VIRUSES OTHER THAN MOUSE ADENOVIRUS. SPV
was tested for antiviral activity in virus infection models other than mouse
adenovirus. BPV treatment did not prevent death after Venezuelan encephalitis virus
of' mice (Table 2.7.1). BPV treatment did not prevent death after Pichinde virus
challenge of quints pigs, but the treatment may have extended life (Table 2.7.2).

2.8. MICROBIOLOGICAL STATUS OF.THE C3H/Hi:N MOUSE COLON?. Our C3H/HeN mouse colony was
derived from two pairs of breeders obtained from the N.tional Cancer Institute,
January 24, 1981. The 'mouse colony was tested serolog$ ;ally for the presence of
mycopilawa and viruses, January-June, 1986 . Dr. GaiA Caasel, 'University of Alabama
in Birmingham, testd the individual antieera of 53 retired ureeders from our C3H/!4eN

,colony by an ELISA tes+. All of the mice were neogtive for antibodies in the IgG
class. Seven of the mice vere positive, 41 vere weakly reactive, and 5 were negative
for antibodies in the IgM class. These data indicate the colony Is infected with
aycoplasms; however, the ELISA test deovised by Dr. Cassell does not distinguish
between M. pulmoni_ or M. Irthritidis. The role of this 'hidden' infection of the
:olony in immunomodulatlon studies is not clear at h. ; time.

Microbiological Associates, Inr%, Bethesda, MD, tested pools 4f sera obtained from
retired breeders (five anima~s per pool). The colony was negative for Reovirus 3, K
virus, Polyosa virus, surine cytomegalovirus, lymphocytic choriomeningltis virus,
Sendai virun, ectromelia virus, mouse encephalomyelitis virus., and most significantly,
Mouse adenovirus. The absence of mouse adenovirus antibodies in the colony coupled
with the presence of high titer PAdlkt4 in the virology laboratory indicates our.
containment procedures are effective. However, all of the serum pools tested positive
for mouse hepatitis virus., The mice did not have e'idence of mouse hepatitis virus
infectior at the time'of shipment from the National Cancer Inatitue Contractor, Mouse
h-pmtitis virus infection in a colony is known to be nsaociated with abnormal immune
roa-tions. This infection of the colony aay be associated with the development of
orrntic results obtained wvith the Alhydrogel protocol. .4ovever, Dr. P. Morahan has
notpd the partial protective activity of Al'ydrogel in oide that were raised in
imolators. We immerditely initiated a new breeding colony of C3H/HeN mice and are
rmvipving possible sources of infection from within tho animal facility.

2.3 MOUSE ADENOVIRUS CONCENTRATION. A constant problem in our antiviral studies has
bern the -;rowth of high titer stocks of MAdlpt4 for thJ challenging infection. These
qtrnis vhould be 4.0 x 10' PF!J/N1 or higher to obtain death in 100% of the test

rpDj ation. We attempted to concentrate low titei stocks of MAdlp_4 *ith tanqential
:)'v jitrafiltration. Our initial experiment demonstrated that tangential flow

iitrafiltration does not inactivate the virva and can be used . Zoncentrate the virus
fr lethal dome virus stocks with excellent levels of recovery (T%ble 2.9.1). Tho 0.1
iA Dorp size was too large to retain all of the virus, but filters of smaller pore
.Pize iri av4il.abi.
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Table 2.6.9. Interferon Production by NMacrophages Treated with EP-LPS

Interferon Titer* of Supernatants fro*
Concentration', Macrophages Treated with:

(he/mi) -P-LPS LPS/Ec EP-LPS/Eg

Experiment 1:

100 )8 4
10 4 4

1.0 4 <2
0.1 <2 <2

Experisent 2t

100 >8 <28 2
10, 38 >8 <2
1.0 (2 4(2 -2
0.1 <2 <2 <2

aMicrophages were derived from 10 day cultures of *urine bone marrow cells grown in,

the presence of colony ativulating factor-I (L929 cell-conditioned medium). The
cultures vere incubated in the.demAgneted concentrations of immunomodulators for 2.0
h, vashed, and incubated an additional 24 h. Culture supernatants were removed and
essayed for interferon activity.

*,The titer is endpoint is defined as thatammount of interferon sufficient to inhibit
plaque production by a stentard dose of vesicular stomatitis virus by 50 2.
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- ----- ------I----------------------------------------------------------------
Table 2.6.10. Activation of Cytolytic Activity in Hacrophagem by EP-LPS

TreatmentO Percent Specific Release'
(ng/ml) I-IFN) [#IFNI'

EP-LPS
2.0 -4.4 13.7
1.0 0.9 -5.7
0.5 3.1 -8.7
0.25 5.2 -6.8
0.125 2.0 -4.4
0.06 -1.0 -3.9

LPS/EC
2.0 5.5 67.7
1.0 1.6 64.3
0.5 2.5 32.6
0.25 2.2 -0.3
0.125 5.0 -4.1
0.06 8.1 -4.0

M ¶acrophages were derived from 10 day cultures of murine bone marrow cells vere grown
in the presence of colony stimulating factor-1 (L929 cell-conditioned medium). The
cultures were incubated for 4.0 h with the designated concentration of
imiunomodulators to obtain partial activation and then incubated in the presence or
absence of gamme interferon to obtain full activation as effector cells.

I ''Cr-labeled P815, mastocytome cells wvre incubated 16 h with macrophages at a
single effector to target cell ratio of 2.5:1. Specific release as@ calculatedase
described in Table 2.hb.5.

c Gamem interferon at a final concentration of 0.4 IRU/ml was supplied by a
supernatant from p 72 h culture of Con A stimulated spleen cells.
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Table 2.6.11. Activation of Cytolytic Activity in'Racrophagea by Supernatants from
EP-LPS Treated Macrophage Cultures.

Dilution of
Treatment of Conditioned Percent Specific Releaseg
hocropheae Cultures SuvernatentO Experiment I ExperimenLtE2Li

EP-LPS, 100 ng/ml 1:2 70 ! 6 24 t 4
1:4 63 1 7 18± 1
1:8 61 t 4 11 ± 3
1:16 49 t 1 6 ± 2

EP-LPS, 10 ng/ml 1:2 49,. 1
1:4 31 16
18 31 t4
1:16 25 1 6

LPS/EC, 100 ng/al 1:2 19 1 2 4.± 2
1:4 5x2 3±1
1:8 4x3 4±1
1:15 3 1 2 1 x 1

LPS/EC, 10 ng/mJ 1:2 8 A I
1:4 2±. 1
1:8 5±2
1:16 0 1

EP-LPS/£C, 100 ng/ml 1:2 15 1 12 3 _ 2
1:4 8 ± 6 2 1 1
1:8 8 7 312
1:16 8±1 0 't I

EP-LPS/EC, 10 ng/ml 1:2 16 1 5
1:4 .7 't1
1:8 11 z 2

1:16 3 2
None 1:2 14 18 2± 1

1:4 7 12 2"±1
1:8 11 t A15 2 t 0
1:16 9 .'15 '1±1.

a Macrophages were derived from 10 day cultures of murino bone marrow cells were grown
in the presence of colony stimulating factor-I (L929 ceil-conditioned medium). The
cultures were Incubated for 2.0 h with medium containing the demignated
concentration of impunomodulators.

' The supernatants fro'i each culture were harvested ,t.-parotely and demiqnated
dilutiona teated fox their ability to activate ,ytiytic activb~y in new *acrophaqe
culture.. The *edtum in the new sacrophage cultures conlained 10-4 N indonethacin
to prevent down regulation of the aacrophages by endoqenous production of
prostaglandins and LPS/EC (10G ng/ml) to partially aztivate the .- ýcrnphmgeo.
Culturpes were then incubated for 24 h and washed.
°''r-lahelled P815 mantocytoma cells vere added at si nQle effector tý m.rget cell
ratio of 2.5:1. After an additlonal 16 h of incubation the ý-lemse of ''Cr was
annoyed and specific release vwo calculated am deacribed in Table 2.6,5.
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Table 2.7.1 Effect of BPV Treatment on Iistance to Venezuelan Virus Infection ir
Nice.

Deaths (day after Infection)

Tretaent" k Z I 2 Lo2 iL. L7 Deaths/Total

Experiment Ps

None 1 2 2 5 10/10
BPV, 250 ug 2 2 3 2 1 10/10

Experiment 20

None 1 2 1 1. 10/10
£P-LPS, 50 ug 1 1 4 1 10/10

B 9PV was suspended in ealint-oerthiolat at a concentration of 500 ug/al and the
designated dose in 0.5 1 vwa injected i.p. into C3H/HeN mice seven days prior to
challenge with Venezuelan equine encep alitis virus, strain 68U201 (400 PFU in 0.2
al), by subcutaneous injection.

* ZP-LPS was suspended in endotoxin-free water at a concentration of 1.0 ag/al and the
designated dose in 0.5 al vow injected i.p. into C3H/H@e mice seven days prior to
challenge with Venezuelan equine encep alitis virus, strain 68U201 (400 PFU in 0.2
al), by subcutaneous injection.

Table 2.7.2. Effects of BPV Treatment Resistance to Pichinde Virus Infection in
Guinea Pigs

Treatment * Deaths (da after infection)
12 JA 12 Ii 17. 1 19 Derthe/Total

Diluent 2 3 1 6/6
BPY, 4.0 ag (10 ag/kgl 2 3 1 6/6

• !PV suspended in saline-serthiolate v4. used at a concentration of 2.0 mg/al. The
designated dose in 2.0 il vas injecti i.p. into guinea pigs (400 g) •evpn daye
prior to challenge with Pichindo viru (40 PFU in 0.2 aI) by subcutaneous injection.

Table 2.9.1 Concentration of NAdl~p4 bl Tangential Flow Ultrafiltration

Titer
Lop!.: (PFU/ml) % Recov Fold Conctntration Deaths/Total

Stoc 3X 106 -- --- 5/5
Retentate 6.0 x 10' 65 3.15 5/5
Filtrate 4.4 x 108 35 0.18 0/5

-- --- ---- - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - -
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IMMUNOMODULATION BY BORDETELLA PERTUSSIS:
ANTIVIRAL EFFECTS

A.L. Winters ', D. W. Baggett J, .. D. Lee',
G. L. Sloan ', R. D. Lemmon ii and R.S. Stinson

ABSTRACT
Treatment of mice by intraperitoneal inoculation of pertussis vaccine or

lipopolysaccharide extracted from B. pertussis will effect resistance to rabies
virus. encephalomyocarditis virus, Semliki Forest virus, and Herpes simplex
virus. Our previous observations indicated that treatment of C3H/HeN (+/nu)
and BDFI mice with pertussis vaccine injected i.p. five days prior to a mouse
adenovirus lethal dose i.p. challenge elicited resistance to clinical disease and
death. Susceptibility returned to a portion of the test population 35 days after
pertussis vaccine treatment. The pertussis vaccine induced resistance developed
in athymic (nude) mice also: however, the population succumbed to infection
35 days later. Titration of pertussis vaccine with respect to induction of resist-
ance indicated the median efCective' dose tEDr) was approximately 25 lag dry
weight.

This report describes the antiviral activity of acellular components
extracted from pertussis vaccine. Extraction of B. pervussis cells with LO.M
NaCI and ammonium sulfate fractionation (20-40% saturation) of the extract
resulted in an acellular preparation that induced resistance to lethal dose mouse
adenovirus infection. The resistance inducing activity was retained after treat-
ment of zhe extract with detergent (GAF Emulphogene BC 720) to remove lipo-
polysaccharide and adsorption to alum gel, Comparison of endotoxin content
of pertussis vaccine acellular friactions, polvsaccharide fraction and purified lip-
opolysacchartde suggested that endotoxin probably plays a role in the induction
of resistance. The endetoxin content of a Emulphogene-treated preparation that
protected 80% of a test population was 39 ng. The lipopolysaccharide extracted
from Escherichia colt. Vibrio cholerae: Salmonella typhimurium, and Salmonella
minnesota did not induce a resistant state seven days after administration : how-
ever, lipopoivsaccharide extracted from B. pertussis induced a resistant state.
Treatment of pertussis vaccine with periodate'(0.1 M Nalto at 25'C for 48 h)
destroyed the resistance rnducing activity. Our data suggest-that either B. pertus-
uis 'endotoxin is unique from other bacterial f.ndotoxins and is an extremely
long-acting immunomodulator or the 8. pertussis lipopolysaccharide prepara-
tion (mcdified Westphal phenolwater extraction from T.W. Klein. University
of South Florida. Tampa, FL) was contaminateu with an unidentified periodate-
sensitive molecule with immunomodulating activity.

INTRODUCTION
Numerous immunomodulatory activities have been observed followirng the

administration of pertussis vaccine (PV) (1-4). Several of these immunomodulatory



234 A.L. Winters et al.

activities have been associated with specific components of the microorganism
(5-1i).

Immunomodulation by PV can modify the pathogenesis of viral infections.
Treatmenz of mice by intraperitoneal (i.p.) injection of PV increased susceptibility
to intranasal influenza virus challenge five to seven days later (12). Administration
of PV by the intracranial, intravenous, or i.p. route increased resistance to an intrac-
ranial challenge of rabies virus when the vaccine was administered simultaneously
with the virus (3). Increased resistance to Herpes simplex virus inoculated by the
i.p. route developed seven days after PV treatment by the i.p. route, but resistance
was not observed when the mice were treated with PV for only three days (13).
Ircreased resistance to mouse adenovirus inoculated by the i.p. route developed
seven days after PV treatment by the i.p. route (I), but not before five days. The
resistance developed in nude mice and was retained approximately 35 days.

Acellular fractions of B. pertussis, namely lipopolysaccharide (LPS), glyco-
lipid, lipid A, or lipid X, induce resistance to an i.p. challenge of encephalomyocar-
ditis virus or a subcutaneous challenge to Semliki Forest virus when the acellular
fraction of B. pertussis was administered, 24 h before the virus challenge (5, 14). An
acellular fraction developed from a high salt wash of B. pertussis ceils induced
resistance to mouse adenovirus challenge seven days later. A preliminary character-
ization of the factor in PV that induces resistance to mouse adenovirus infection is
described in this report.

MATERIALS AND METHODS
Animals

A colony of C3H/HeN (mammary tumor virus negative) mice was maintained at the
University of Alabama. C3H/HeJ mice were obtained from Jackson Laboratory, Ba, Harbor,
Me.. Male arid female mice were used in this study. All animais were treated by i.p. injection
of the test material arid after seven days challenged with a lethal dose of virus inoculated i.p..

Vaccines

PV was provided by Connaught Laboratories, Inc., Swiftwater, Pa.. Vaccines were
made also from Strain 183ý23 and Tohama II (Dr. James L. Cowell. Center for Drugs and
Biologics, Bethesda, Md.), Tohama I. Tohama I-derived BP347, and Tohama I-derived BP359
(Dr. Stanley Falkow, Stanford University, Stanford, Ca.), and Strain 11615 (American Type
Culture Collection, Rockvil!e, Md.). The organisms were maintained on BG agar base (Difco
Laboratories, Detroit, Mich.) supplemented with 17% defibrinated sheep blood. Vaccines were
made by harvesting four-day growth from Cohen-Wheeler agar (15) in phospha,' buffered
saline (pH 7.2) and inactivating the cells by heating (56°C for 30 min) in the presence of 0.02%
thimerosal. The, vaccines were adjusted to approximately 4.0 mg dry weight per ml in saline-
!himerosa! diluent (0.15M NaCl in 0.02% thimerosal) and-stored at 4°C.

Acellular fracrions
Fraction 15A- I B. Four day growth of phase I B. pertussis (Connaught Laboratories.

Inc. vaccine strain) was harvested from Cohen-Wheeler agar medium and the cells were
extracted with 1.0 M sodium chloride containing 0.05 M sodium phosphate buffer (oH 7.2)
and 0.02% thimerdsal for four days at 4°C. The cells were sedimented by centrifugation and
the supernatant was decanted. The fractional precipitate (20-40% ammonium sulfate satura-
tion) was collected by centrifugation, resuspended in buffered saline, dialyzed and designated
15A-I B. Protein content was determined by the method of Lowry and coworkers (16).

Fraction 15A-108A. Emulphogene BC 720 (General Aniline & Film Corp., New York,
N.Y.) was added to a portion of fraction 15A-IB to give a final concentration of 1.0"o (v,'v).
The mixture was incubated for 6-0 min at 4,C and the precipitate was sedimented at
100.000 x g for 60 min. The pellet was resuspended in phosphate buffered saline ard the
suspension was adsorbed to a 1.0% aluminum hydrcxide gel. This alum-stabilize i preparation
was designated as fraction 15A-108A.



Antiviral activity of B. pertussis 235

LPS. Purified B. pertussis LPS was provided by Dr. Thomas W. Klein. Univeriity of
South Florida. Tampa, Fl. The LPS was extracted from B. pertussis, 3779 BL,SJ by a modified
Westphal phenol-water procedure (17, 18). Lipopolysaccharides extracted b- the Westphal
procedure from microorganisms other than B. perrussis and the Limulus amoebocyte lysate
test for endotoxin were obtained from Sigma Chemical Company, Inc., St. Louis, Mo.. Tht
efficacy of endotoxin detection was assumed to be similar for free- and bound-LPS (19).

Polysaccharide. Cell surface polysaccharide was harvested and partially purified as
described by another worker (20). Four day growth of phase I B. pertussis 18323 was h'rvested
from Cohen-Wheeler agar medium using 0.01 M potassium phosphate buffer (pH 7.0' and thez
cells sedimented by centrifugation. The cells were resuspended in buffer and the capsule
(slime) polysaccliaride was removed by brief shearing treatment'in a Waring blender set at top
speed for 45 -,ec. Th= cells were removed by centrifugation and the supernatant was combined
with the previcus wash buffer. After precipitation with acetone at pH 2.0, and resuspension in
aqueous solution at pH 9.0, protein was removed by a second precipitation at pH 3.0. The
supernatant was dialyzed and concentrated in a flash evap3rator-at 300C. Hexose content of
the polysaccharide was estimated by the anthrone reaction (21, 22).

Virus
A plaque-type variant of mouse adenovirus, designated as mouse adenovirus plaque

type 4 (Mad lpt4), was used in this study. The median lethal dose of the virus is 5.0 X 106 PFU
in C3H/HeN mice. Lethal infections are accompanied by hemorrhagic pneumonia.(23). The
virus was propagated in L cells (NCTC Clone 929, American Type Culture Collection, Rock-
ville, Md.). Virus titers were determined by a plaque assay (24).

RESULTS

Acellular f-actions 15A-IB and 15A-108A were developed in an attempt to
eliminate the deleterious side effects of immunization with PV. These fractions were
formed by extraction of whole B. pertussis with a high salt solution. Polyacrylamide
gel etectrophoresis of15A-IB revealed at least 13 proteins ranging in size from
16,500 to 139,000 and the gel patterns were similar to outer membrane proteins
extracted by other researchers (25, 26). The acellular fractions, retained significant
protective activity in the mouse protection test (27) and induc:d resistance to mouse
adenovirus infection also (Table I).

Table L Activities of B. perrussis vaccine and acellular extracts

Treatment Dry Weight Protein Hexose LPS Challenging Dose* Mortality
(ug) (tLq) (ug) (Qq) t (17-7U) (deathis/total)

PV, 250 51 --- 2.34 1.0 x 108 0/21'

Connaught

PV. 25 5.1 --- 0.23 1.0 x 108 19/47
Connaught

15A-i8 --- 46 --- 147 2.3 x 10
7  

.3/16

15A-108A --- 12 --- 0.039 2.8 x 107 4/20

LPS 20 < 0.2 1.1 > 40 2.8 x 107 0/5

Polysaccharide 415 11.5 480 100 2.1 x 107 0/5

All virus stocks were lethal to 100% of diluent-treated animals, except in the polysaccharide
test, where the virus stock initiated lethal infection in three of Five mice.
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Examination of the protein content of PV and the acellu!ar fractions indi-
cated that a proteinaceous factor might be involved in the induction of resistance.
Several of the virulence factors of B. pertussis are associated with the cell surface
and are known to have immunomodulatory activity. Mutants of B. pertussis and
strains that are lacking or greatly deficient in virulence factors were examined for
their ability to induce resistance to mouse adenovirus infection. Strains that do not
exhibit virulence factors, Tohama III (28) and a prototype phase IV ATCC 11615
(29) induced resistance to adenovirus infection. Mutants of B. pertussis, which were
induced by a single transposon insertion and are deficient in at least five of the vir-
ulence-associated faciors (30), induced resistance also.

Examination of the LPS content of PV and the acellular fractions indicated
LPS was present in the vaccine and its fractions. However, no quantitative relation-
ships between the amount of LPS present and the degree of resistance inducing
activity was recognized. Although fractions 15A-IB and. 15A-108A varied several
thousandfold in LPS content, the fractions induced similar degrees of resistance
(Table I). The role of LPS in the induction or resistance was examined fnrther by
assaying the immunomodulatory activity of PV in the endotoxin unresponsive
C3H/HeJ mouse strain. Resistance did not develop in PV treated C3H/HeJ mice
(Table II). However, LPS extracted from B. pertussis induced a virus resistant state
in the endotoxin responsive C3H/HeN mice and the resistance inducing activity of
B. pertussis LPS appeared to be unique among several gram-negative bacteria tested
(Table lII).

Table II. Activity of Connaught PV in C3H/HeN and C3H/HeJ mice.

Treatment Mouse Strain Challenging Dosa Mortality
(PFU) (deathQ/total)

Diluent C3H/HeN 2.1 x 107 3/5

PV. 250 ug C3H/HeN 2.1 x L0
7  0/5

Diluent C3H/HeJ 2.1 x 10 7  
9/10

PV. 250 ug C3H/HeJ 2.1 x 107 10/1.0

Table Ill. Activity of LPS extracted from several bacterial species.

ceatment Mortality*
_ _ _ __eatent_(deaths/total)

SjIuent 5/5,

~cher,•cha coli, serotype 055:35, 20 ug 5/5

___ro choiera,, serotype Inaba 569B, 20 ug 5/5

Sl.moneila typhimur~um, 20 ug 5/5

Z'a_,on__I_ a minnesot_,. 20 ug 5/1

Iordetella Pertusais, 20 ug 0/5

Challenged with 2.8 x 10 PFU seven days after treatment.
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A carbohydrate moeity in PV was involved in the induction of resistance. The
protective activity of PV was abrogated when modified by treatment with 100 mM
periodate (Table IV). However, miider treatment with periodate did not affect PV
activity, The purification of LPS by the phenol-water procedure does not specif-
ically separate polysaccharide from LPS. Therefore, capsule (slime) polysaccharide
was extracted from B. pertussis cells and tested for resistance inducing activity. The
polysaccharide fraction induced resistance to mouse adenovirus infection (Table I).
The fraction contained a greater amount of anthrone reactive sugar residues on a
basis of dry weight as compared to the purified LPS fraction, however the poiysac-
charide fraction contained substantial amounts of LPS and protein also.

Table JV:,Periodate treatment of PV.

[Treatment' Challenging Dose Mortality
(PFU) (death&/total)

Exp. 1

Dxluont 2.8 x 107 5/5
PV - 100 xM NaI04 for 72 h at 250C 2.8 x 10 7  5/5
PV - H20 for 72 h at 250C 2.8 x 107 0/5

100 mM NaI0 4 for 72 h at 250C 2.8 x 10 7  
5/5

Exp. 2

DL0uent 2.8 x 107 5/5
PV - 0.5 mu NaI04 for 30 in at 370C 2.8 x 107 0/5

Exp. 3

None 2.1 x 107 5/5
PV o 10 aM Na10 4 for 30 min at 370C 2.1 x 107 0/5
PV - 2.0 aM Na&04 for 30 min at 37oC 2.1 x 107 0/5

* After the .indicated reaction of periodate with PV mice were inoculated i.p, with the mix-
tures and challenged with virus seven days later.

DISCUSSION
The observation that acellular fractions of PV could induce resistance to

mouse adenovirus infection demonstrated definitively that a subcellular compo-
nent(s), of the B. pertussis cell was involved in the triggering of an acquired resist-
ance to adenovirus infection. The role of protein in induction of resistance to
mouse adenovirus infection is probably minor since the purified LPS fraction con-
taining relatively little protein (<0.2 tag) induced resistance. This conclusion was
supported also by the fact that B. pertussis strains, which lack several virulence fac-
tors associated with the cell surface, induced resistance. However, small amounts of
protein might play a synergistic role in the induction of resistance (A1).

The Limulus arnoebocyte lysate assay for endotoxin detected approximately
one third of the endotoxin estimated to be in unfractionated PV (32, 33). A lack of
correlation between LPS concentration and resistance inducing activity of the vac-
cine and its acellular fractions may have been due to substances in each. fraction
that interfered with the amoebocyte lysate assay to varying degrees. The observa-
tion that C3H/HeJ mice did not respond to PV with induction of resistance indi-
cates that LPS plays an important role in the triggering of the antiviral mechanism.
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The role of polysaccharide in the resistance inducing mechanism remains to be
questioned. Mild conditions of periodate treatment (0.5 mM NalO4 for 30 min at
37°C), which abrogates the adherence of B. pertussis glycocalyx to bronchial ciliated
epithelial cells (34), did not decrease the resistance inducing activity. However,
treatment of PV with an increased concentration of periodate and increased reac-
tion time destroyed the resistance inducing activity. The terminal octulosonate resi-
due of polysaccharide [,derived from B. pertussis LPS has been reported to be sensi-
tive to the more stringent periodate treatment (35). Comparison of the LPS and
polysaccharide content in both the LPS and polysaccharide fractions in conjunc-
tion with the titration of the resistance inducing factor in both fractions should illu-
minate an association between a given component and the resistance inducing
activity.

The LPS of B. pertussis appears to be unique, since LPS extracted from other
gram negative miroorganisms did not induce resistance to mouse adenovirus. These
observations would imply also that the mechanism of resistance induction probably
does not involve the numerous immunomodulatory mechanisms activated by the
LPS of other gram negative microorganisms (36). We may be examining, using a
different functional assay, the sanie compensatory resistance mechanism to Listeria
monocytogenes described by others (33). It is interesting that both this bacterium
and virus are cleared by a cell-mediated immune response (37, 38). Although many
of the immunomodulating reactions of LPS are observed within 72 h aftei treat-
ment, LPS is retained in a biologically, active form in lymrihoid tissues'for much
longer periods of time (39) and therefore could serve possibly to stimulate the anti-
viral resistance mechanisms for several weeks. The PV induced altered immun..
state (revealed as resistance to virus infection that persists several weeks) might play.
a role in the continued pathogenesis of B. pertussis infection after the detectable
organism is cleared.
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ABSTRACT
Peritoneal exudate cells collected from mice 7 dayq after

treatment with Bordetella pertussis vaccine exhibited sigiiificant
in vitro antiviral activity against vesicular stomatitis virus
(VSV) . Vaccine-induced peritoneal exudate cells exhibited both
intrinsic and ext'rinsic antlviral activity in culture with tarRer
VSV-infected L ceLii. Virus replication was poor in the vaccine-
induced exudate cells.. Coculture of vaccine-induced exudate celli
and VSV-infected L cell targets decreased virus yield. The activity
apnea.ired spec., ic for in'ocrt;d cill. and at least a portrion of the
.intlvi-,;1 acctlvit. was diroctod againsr the initial infection
c'c Ie. N'onadherent vaccine- ind'ic'd. exudate cells showed i.n increase
in antlvirall ictivity over total vaccine-induced exudate cells.
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administered by the subcutaneous, intraperitoneal,' or intravenous

route at the same time as the virus (2). Kirchner and coworkers

demonstrated that pretreatment of mice with BPV 7 days prior to,

intraperitoneal challenge with herpes simplex type I virus conferred

protection to the mice; however, administration of BPV 3.0 days

prior to challenge did not result in protoction (13). Similar

protection has been observed with foot and mouth disease virus (14)

and mouse adenovirus (1,15). -Resistance to challenge with Semliki

Forest virus and encephalomyocarditis virus has been reported when

acellular fractions of B. pertusqlq were administered 24 hours

e lrlIer (4,16). While several reports on the ability of BPV or

Coxponerts of B. 1 to alter the nur~ne regponqe t'o a

v'orfezv of virus ip'ecticns exist, tew have attempted to character-

ize or define the mechanism of antiviral activity. Thi3 report

inltizare characterfztion of peritoneal exudate cell (PEC) anti-

viral activitr elicited b31 BPV treatrent.

MAT,-R.AL. AND MFTrPDS

','cc•-ne -eeit'np't. BP.' was provtded by C)nn~aiuht LaboritoriA's,

twaror, Pi. , ind -tore.d ait w"C. 3"', .'i, lI u rted to 3C0 'i

it'/ :ai :jht" por ,nl '-I I •I:e1rfl -'•...ne di{l s,,1(.1

",n ." I nv e ( 'db ' -. "nl.' waq:;t.• :'ed it •hi'

":':'i.r'i,': ,f .\ii.b,•a ,u nrg .a ,c -od f ,ff 'he isn. ic

n m ,, ')f ")v.nella and 3to'hlfn ," i initi.i'l ')rr,'i:1

i c~k ." r t ewo]'' -aq ý,bt~ifned fr,'mn 1)r. rl la e (N ir [
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Cells and Culture. L cells (NCTC clone 929; American Type Culture

Collection, Rockville, Md.) were maintained in Dulbecco modified

Eagle medium (DME) supplemented with 10% fetal bovine serum,

100 units/ml penicillin, and 100 ug/ml streptomycin (K.C.

Biological Inc., Lenexa, Ks.). All incubations were carried out at

37*C under 5% C0 2 -95T humidified air mixture.

Virus. Vesicular stomatitis virus (VSV), Indiana serotype, was

obtained from Dr. Jack W. Frankel (Dept. of Health and Rehabilita-

tive Services, Tampa, Fl.) and propagated in L cells. Virun

infectivity was determined using a plaque assay on L cell m.nolayer

cultures under DME containing 0.5% agar. Thirty hours after virus

acsorption, plaque forming units (PFU) were enumerated after

mon(lavers cultures were fixed with buffered formalin and-stained

with crystal violet solution (I mg/ml).

Fffector Cells. Peritoneal exudate cells (PEC> were collected

7.0 days after treatment with either BPV (BPV-PEC) or vaccine

diluent (DIL-PEC). The elicited cells were removed by peritoneal

lavige using iced unsupplementea medium. PEC were centrifuged

(175 x 1, 10 minutes, 4'C) and washed twice with phosphaLe buffered

saIine (4G). The PEC were adjusted to 4.0 x 106 cells/mil in

qunplemented PME for 4ub'equent culture.

w et,..'d Cell Fiinumiritftn ind Differonriation. Mice were treated

7 dijq prior to joe ilth 3PV or d iluent. Animals were sacrificed

by decptfit iron and the peritoneum was lavaged with 5.0, ml Hiank' 1

halmnced satt qolutlon (23"C). To provide consistency only 3.0 ml

(,f the 5.0 ml lavage was recoverod and placed in 12 x 75 mm glass
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tubes for centrifugation, 100 x z for 3.0 min at 25*C. The

supernatant was discarded and the cell pellet resuspended in three

drops of 25% albumin. Wedge-shaped smears for Wright-Giemsa

staining and nucleated cell differentiation were made from this

suspension and evaluated using the criteria for cell identification

as described by Diggs et al. and Wintrobe et al. (18,19). In

addition 20 ul of the original lavage was diluted in particle-free

dilution vials containing 10 ml of azide-free Isoton II (Coulter

Diagnostics, Hialeah, FL) for electronic counting. Three drops of

azide-free Zapoglobulin II (Coulter Diagnostics, Hialeah, FL) were

added to lyse erythrocytes, the vials were mixed by inversion, and

the total number of white blood cells in the peritoneal lavage

enumerated using a Coulter Counter, Model ZBI (Coulter Electronics,

Hialeah, FL).
/

7 Growth Curve of VSV in Target Cells o- Effector Cells. One tenth

/7 milliliter of L cell suispension (4.0 x 104 cells/ml)'was placed in

each well of L flat bottom ricrotiter plate and incubat'ed over-

night. The cultures were infected with VSV by addition of 0.025

milliliters of virus stock to obtain a calculated multiplicity of

infectien (MOa) of' 5 x 10-3 PFU/cee1. One hour after virus

adsorption, 0.05 ml of supplemented DME was added to each well.

The plates were incubated and samples taken at appropriate time

intervals. Each data poirt represents the virus concentration, from

12 poolpd microtiter well cultures.

The permissiveness of DIL-PEC and BPV-PEC for VSV was examined

in a similar manner. Each well of separate sets of microtiter
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plates rece" ed 1.0 x 105 PEC (either'BPV- or DIL-elicited). The

PEC were infected with the number of PFU of VSV as used with target

L cells. This reduced the calculated MOI to 0.0002 PFU/cell yet

maintained the same PFU to PEC ratio as used in coculture

experiments (see below).

Coculture of Effector and Target Cells. L cells (target cells)

were added to microtiter plates as described earlier. After 24 h,

the cells were infected by adsorption of VSV at a calculatr.d MOI of

-35 x 1O PFU/cell. One hour after virus adsorption, 0.05 ml DME

was added to each well. Two hours after virus adsorption, either

BPV-PEC, DIL-PEC, nonadherent BPV-PEC, or, nonadherent. DIL-PEC

(effector cells) were added to the cultures at 25:1 effector:target

cell ratio. Nonadherent PýC were obtained by planting PEC suspen-

sion in plastic tissue culture dishes and incubating 2.0 h to allow

attachment of the adherent cell population (20). After 2.0 n Lde

medium was removed and the plates washed twice to resuspend

nonadherent cells. The pooled wpshings were centrifuged and the

cell concentration adjusted to 4.0 x 10 cells/ml for subsequent

cu Iture. The pl.?tes were Incubated and samples taken at

"n7r)priate intervals.

r:•fc i >:ent~er e n _n e-e t . Thirty-five mm dishes were seeded

0h.2 t ai r target cells. After 24 h incubation, the nedium as

:iu aand i ','3V added 3t a calculated MCI of 5 x 10 PFU/cell.

;o hrurs ~af-er virus adsorption, the medium w23 removed and the

inec ted :el~s washed twice with nedium. Either BPV-PEC or DIL-PFC

idded at in effectnr to target ce-i ratio of 25:1. Four hqurs
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after virus adsorption, the medium was aspirated to remove non-

adherent PEC, and a suspension of L celIs sufficient to form a

monlayer within 24 h was added to each dish. Five hours after

virus adsorption, the medium was aspirated and agar overlay was

added as previously described. Thirty hours after virus

adsorption, PFUs were enumerated after monolayer cultures were

fixed and stained.

L Cell Colony Formation. L cells were added to 35 mm dishes at a

density of 40 cells per dish. After 24 h, the medium was removed

and either BPV-PEC or DIL-PEC added at the previously described

planting density. Due to the lower number of L cells, an effector

to target cell ratio of 75,000:1 was obtained.. Two hours after

addition of the effector cells, the medium was aspirated and agar

overlay medium added to each dish. The plates were incubated for

6.0 days, the monolayer cultures were fixed and stained, and

colonies enumerated.

Cvtolytic (Chromium Release) Activity Assay. Direct cellular

toxicity was determined as described by Russell (21) with the

following modifications. Effector cells in the cytolysis assays

5 .51were 5 x 10 BPV-PEC'or DIL-PEC. Target cells were Cr-lbelled

'VSV-infected L cells and uninfected L cells. Effector cells were

treated for 4 h with either medium or medium containing activators.

Activators used were lipopolysaccharide (E. coli 0111:B4, 3.0 ng/ml

courtesy of Dr. D. C. Morrison, Kansas Medical Center, Kansas City,

KS), lymphokine-rich supernatant from Con A-stimulated spleen cell

culture (I IRU gamma intp.rferon/ml), or a mixture of lipopoly-
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saccharide and lymphokine. Specific chromium release was calculated

using the formula:

5l

%Specific Cr Release-Experimental CPM-Spontaneous Release CPMxI00

Total Release CPM-Spontaneous Release CPM

Statistical Analysis: Results from the experiments were expressed

as mean values and analyzed using the Student's t test.

RESULTS

Differences in the amount of virus produced in cocultures of

L cells and DIL-PEC as compared to L cells alone, were not apparent

(Figure 1Y. However, cocultures of L cells with BPV-PEC decreased

the ability of L cells to synthesize VSV approximately 90%.

To establish the contribution of PEC to viral replication in

the cocultures, separate cultures were infected with VSV with the

usual virus conc ntrations and the usual cell concentrations.

These conditions resulted in a calculated MOI of 5 x 10"3 PFU per

L cell, and a calculated MOI of 2 x 10 PFU per PEC. Although

there were more cells in the PEC populations than in the L cell

cultures, infection of BPV-PEC or DIL-PEC resulted in the

production of 2-3.5 log less virus. Thus, both BPV-PEC and

DIL-PEC were less permissive than L cells (Figure 2). Furthermore,.

BPV-PEC were less permissive for VSV replication than were DIL-PEC

(4.0 versus 2.5 logto PFU/ml at 72 h). These results, considered

with those in Figure I, demonstrated that in combination cultures

of PEC and infected L cells, the PEC were responsible for less than
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FIG. 1. Growth Cu.r:e il VSV in L Cells and Peritoneal Exudate Cell
Cocultures. VSV was adsorbed to L cell cultures. After 2 h,
either medium ( 0 ), Diluent-elicited PEC ( 0 ), or BPV-elicited
PEC ( 0 ) were added and VSV infectivity in the cocultures was
assayed at the times indicated.

1' percent of'the virus synthesized and that BPV-PEC were inhibiting

virus replication if the L cells.

To establish the significance of the antiviral effect, ten

separate pools of supernatants of VSV-infected L cell cultures,

alone and in coculture with BPV-PEC and DIL-PECi Wjere collected.

Samples taken 60 h after infection confirmed the antiviral activity

of BPV-PEC and showed that cocultures of BPV-PEC and infected L

cells produced significantly less virus (approximately 80%) than

cultures of DIL-PEC and infected L cells (Table 1).



ANTIVIRAL ACTIVITY OF BORDETELLA PERTUSSIS 597

70

0 12 24 36 48 60 72 84
TIME AFTER INFECTION (hours)

FIG. 2. Growth Curve of VSV in L Cells and Peritonial Exudate
Cells. VSV was adsorbed to cultures of L cells [ 3 ),
Diluent-elicited PEC ( 0 ), or BPV-elicited PEC ( * ), and virus
infectivity assayed.

TABLE I

Activity of BPV-induced Peritoneal Exudate Cells
on VSV Synthesis in L-929 Cells

infected Culture Treatment Virus titer after g0 h
(PFU x 10-0)
Mean SD

Control (no PEC addition.) 18. 4 ac 7.8.

DIL-PEC Coculture 3 7 . 1ab 28.8

BPV-PEC Coculture 2 .6  0.9

a. Student's t test, d.f. - 18, p - .059.

b. Student's t test, d.f. - 18, p - .001.

c. Student's t test, d.f. - 18, p < .001.
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The effect of BPV-PEC coculture on infectious center develop-

ment was examined to see if inhibition of VSV synthesis occurred in

the initial cycle of infection. BPV-PEC resulted in a 15% decrease

in infectious centers as compared to control cultures and a 32%

decrease in infections centers as compared to DIL-PEC (Table 2).

At least a portion of the antiviral activity resulted from the

interaction of BPV-PEC and the initially infected L cells.

Colony formation of L cells in the pretence of PEC was examined

to determine whether BPV-induced PEC were toxic toward L cells

independent of virus infection. While BPV-PEC exhibited some

toxicity toward uninfected L cells (Table 3), BPV-PEC reduced the

number of colonies only 22% while DIL-PEC caused. a 69% decrease in

L cell colonies. The notable decrease in colony formation result-

ing from coculture with DIL-PEC suggested a nonspecific toxicity

toward uninfected L cells. However, microscopic examination of the

cultures suggested that the decrease was due to enhanced dispersion

of L cells, thereby reducing the number of discrete colonies

observed.

The cytotcxic activities of BPV-PEC and DIL-PEC were examined

to establish whether other qualitative differences between the two

PEC populations could be observed at the cellular level. The

cytotoxic activity of ooth cell populations was assayed using

untreated cells and cells exposed to two known biological response

modifiers. In medium without immuromodulators, neither BPV-PEC nor

DIL-PEC exhibited cytolytic activity against uninfected L cells,

while both showed moderate activity against VSV7infected L cells.
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TABLE 2

Activity of BPV-induced Peritoneal Exudate Cells
on VSV infectious Centers

Infected Culture Treatment- Infectious Centers in
L Cell Culture
Mean SD

Control (no PEC additlon) 6 2 . 8 ac 8.6

DIL-PEC Coculture 7 7 .4 ab 11.0

BPV-PEC Coculture 5 3 .0b'c 6.4

d. Student's t test, d.f. - 18, p-.004.

b. Student's t test, d.f,., = 18, p - .001.

c. Student's t test, d.f. - 18, p - .009.

TABLE 3

Activity of BPV-Elicited Peritbneal Exudate Cells
on L Cell Colony Formation

Sample Treatment Colonies After 6 days
_.... ._Mean SD

Control (no PEC addition) 30.3a'c 4.9

DIL-PEC Coculture- 9.3a'b 2.8

BPV-PEC Coculture 2 3 . 6 bc 4.1

a. Student's t test, d.f. - 18, p < .001.

b. Student's t test, d.f. - 18, p < .001.

c. Student's t test, d.f. - 18, p - .003.
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Pretreatment of PEC with lipopolysaccharide potentlated the cyto-

toxic activity against virus-infected cells of BPV-PEC to 100% and

DIL-PEC to only 63% (T'able 4). Prctreatment of PEC with gamma

interferon did not incraase the cytotoxic activity of BPV-PEC, but

increel,!d the activity of DIL-PEC two-fold.

Seven days after treatment of mice with BPV there was a 20%

increase in leucocytes in the peritoneum. Diffdrential analysis of

BPV-PEC further indicated not only a quantitative difference, buc

also a qualitative difference in 'the PEC populations obtained

(Table 5). BPV-PEC demonstrated a s'ignificant increase in the

proportion of. segmented neutrophils over DIL-PEC. Also, the levels

of e6sinophils observed in DIL-PEC were not detected in BPV-PEC.

There were not significant differences between the proportion of

macrophages and monocytes in BPV-PEC and'DIL-PEC.

An initial characterization of the PEC population which

displayed antiviral activity was performed by examining the activity

of PEC and a nonadherent population in PEC. Adherence to plastic

was used to deplete the PEC population of adherent cells. Non-

adherent cells were collected and adjusted to the same concen-

tration as total PEC. Removal of the adherent cell population

appeared to increase the antiviral activity in a BPV-PEC coculture

(Table 6). Statistical analysis confirmed that removal of the

adherent p6pulation from BPV-PEC increased the antiviral activity,

while removal of the adherent cells from DIL-PEC did not result in

a significant virus of antiv.ral activity.
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TABLE 5

Differential Analysis of Peritoneal Lavage Cells

Cell count per microliter
(mean ± SD)

Cell Type DIL BPV

Band Neutrophil 52.6 t 40.5 26.1 1 25.6

Segmented Neutrophil 55.1' 55.8 821.6 t 129.6

Eosinophil 237.7 ± 108.2 0

Lymphocyte 684.7 ± 151.4 706.9 ± 65.5

Transformed Lymphocyte 48.6 ± 22.0 65.6 ± 14.7

Monocyte 1295.8 t 231.2 1282.9 ± 209.2

Macrophage 52.7 t 1.7 65.1 ± 6.4

TABLE 6

Activiry'of Nonadher'ent BPV-induced Peritoneal
Exudate Cells on VSV Synthesis in L-929 Cells

Infected Culture Treatment Virus Titer Aftgr 60 h
(PFU x 10-)

Mean sD

Control (no PEC addition) 10.6, 3.8

DIL-PEC Coculture 3.5a 1.5
aNonadherent DIL-PEC Coculture 1.8 1.3
b

BPV-PEC Coculture 2.5 0.b

Nonadherent BPV-PEC Coculture 1.3 0.4

a. Student's t test, d.f. - 8, p - .083.

b. Student' t test, d.f. - 8, p - .004.
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DISCUSSION

Our data indicated that BPV treatment resulted in both

quantitative and qualitative changes in the peritoneum. We

obtained a 20% increase in PEC following treatment with BPV. BPV

also induced qualitative differences in the cell populations of the

peritoneum. BPV-eiicited PEC demonstrated an increase in segmented

neutrophils, and dramatic decrease in eosinophils. In contrast

Fishel and coworkers have reported that intraperitoneal injection

of mice with BPV results in a significant increase in leucocytes in

the peritoneal cavity, due primarily to an influx of macrophages

and their precursors, along with neutrophils (22). They observed

that seven days after treatment with BPV, leucocyte counts and

protein concentrations increased approximately sixfold over those

of either uninjected controls or vaccine-diluent treated animals.

PEC from mice pretreated with either vaccine diluent or BPV-

supported VSV replication poorly when compared to L cells. Further-

nore, BPV-PFC seemed to be leqs permissive for virus replication

than DIL-PEC. Monocvtes and macrophoges that make up nearly 50' of

the celiq in PFC are intrinsically resist~ant to the replication of

rnnvn viruseq. f'eneral lv th•.v ,idsorb and phagocyt ze viroi;es and

r•,ndr the internalized virus Tnc;ipabIe of infectingt other host

,*O1 la• (23).

3PI! l i:-ited ?,EC .iio 1,-oonstrited extrinsic antiviral

Ict v' itv . At least a portýon )f the antiviral ictLvttv of ,1PV-,.'!C

1i ,ir-ct,!d against the init!.al infoction cycle of I. ceil:i, .as

-h,'wn yv a roductton In o,',t,- center deve iupment. Since the
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PEC were adde after virus adsorption to the cells, it is unlikely

that inhibiti n occurred through direct phagocytosis and

destruction 0 the viral inoculum by cells in the PEC population.

Therefore, a ortion of the antiviral activity associated with

BPV-PEC appea ed to be of an extrinsic nature. One possible

mechanism wa described by Kirchner and coworkers, who demonstrated

enhanced ind ction of interferon in mice after BPV treatment

(24,25).

Our obs rvations were similar to reports on the kinetics of

the antivira activity of Corvnebacterium parvum elicited PEC.

Morahan and oworkers.reported that the protective effect of

C. narvum ac ivated PEC against vaccinia virus and herpes simplex

type 2 virus was greatest in experiments using a low MOI and

allowing mul iple cycles of virus replication (26). On the other

hand. Moraha and coworkers reported a limited effect against

single cycle virus yields following a high multiplicity of

infection (40 PFV/ceP'j, whereas our results obtained with a low

multiplicity of infection (5 x 10-3 PFU/cell) demonstrated

significant ýctlvitv against single cycle virus yields.

Al thoug examination of L cell colony formation suggested some

toxiciry of M'-PEC toward uninfected , cells, chromitum releise

;tudios revlhied that while neither 91PV-PEC icr DtL-PFC were

cyolvtic against uninfected L c.ll1, both exhibited activity

toward VS'7- focted L cells. The Ox.rinsic antiviral mechanism

could' occur either through a change in the' target cell met.ibolism

3o tehat virr s yield per cell was reduced, or by the reduction of
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virus synthesizing cells due to cytolysis. Increased cy otoxic

activity of a cell population in BPV-PEC was demonstrate . In

addition, the undetermired :ytotoxic cells could be stim lated to

greater activity by the addition of lipolysaccharide. Furthermore,

BPV-PEC can be potentiated to higher levels of activity han

DIL-PEC. It was not possible to determine whetner the p rtinent

cells in BPV-PEC may be more efficient at cytolysis of v rus

infected cells, or whether there may have been an ipcrea ed number

of a particular effector population resulting from treat ent with

BPV.

Several investigators have shown that depletion or emoval of

the adhirent cell population from C. parvum treated mice by

adherence to glass or plastic (27,28) or inactivation wi h anti-

macrophage sera (23) decreased -!r abolished, resistance t a variety

of infectious agents, suggesting that macrophages are kc effector

cells. In contras't to these studies, our results indica ed that

removal of adherent cells increased the antiviral activi y of

BPV-PEC. Nonadherent BPV-PEC showed an, approximate 48% ncrease in

antiviral activity over total BPV-PEC. Assuming the per toneal

exudate population is 50% macrophages, this experiment e riched the

nonadherent population approximately twofold. Whether te increase

in Ictivity was due to this enrichment or the removal of an

inhibitor normally in the peritoneal exudate population ias not

dtetrmined. Similar results were obtained in a study by Tracey

using Bacille Calinette-(,uerin (3(C;) elicited-PEC (29). lice were

injocted intraperitoneally with BCG and PEC collectod 3 lays later
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and injected into syngeneic untreated mice. After 4 days, the PEC

from recipient mice were collected and depleted of Adherent cells.

Approximately 50% of the cells were nonadherent and were twice as

cytotoxic as total PEC. The active cells were identified as

natural killer cells; however, macrophages appeared to be involved

in the regulation of natural killer cell activity in BCG treated

mice by secreting both NK-enhancing factors and NK-inhibiting

factors, including Prostaglandin E2 (30). We are currently

investigating the role of natural killer cells and prostaglandins

in BPV induced antiviral activity.

While the exact mechanism(s) of the antiviral activity

associated with BPV-PEC remains unclear, it is evident that the

vaccine is capable of significantly altering the antiviral activity

of peritoneal cells. Determinati-,n of the mechanism by which BPV

confers resistance to infection will not only allow us to manipu-

late the immune response, but will aid in our basic understanding

of the parhogenesis of virus infections.
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INTRODUCTION

Immunization with Bordetella perfocsuii vaccine (Bi'V) has been accepted a the single
most effective rneth'd in preventing Blpffrmstjii inkirtions; however, BPV continues to
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be one of the morte troublesome vaccines to produce and srududimi." A central
problem with BPV production is standardization. One has to comad with genetic

shifts from virulent Phase I to avirulent Phase IV organisms' and viiabl- viability of
cultures."'9 For these reasons the vaccine has one of the highest filue tr of any
vaccine currently produced. "

The public perception -hat immunization with the vaccine may be of greater risk
than the disease " has provided an impetus to develop a nonsozic amlsular vaccine with
a stan~ardized potency. An effort has been made to separate the ompnent(s),of BPV
responsible for immunization from the components that cause wvi.6 side rac-
tions.6".,2 Investigators have isolated several factors, but noconsewmexism as to the

role of each factor in infection or immunization. A potentially talk faction that has
been isolated is lipopolysaccharide (LPS) with its associated endotsmiuuxivity. ."- 4 All
vaccines used presently for immunization contain LFS, and a propotion of the adverse
reactions following administration of BPV are attributable to this componen.

Antigens that appear to be responsible for induction of resiace to B. pwartou
infection are found on or neai the surface of the cell etvelope" and r.lire protective
antigens have been extracted by a variety of methods. lZ'4 This repart describes a
method for removing lipopolysaccharide from an acellular BPV.

MATERIALS AND METHODS

Reagents were obtained from the following sources: Borddt riias vaccine (Lot
32340), Connaught Laboratories, Inc., Swiftwater, Pennsylvania; Emulphogeue BC
720, GAF Corporation, Chemical Group. New York, New York, Alhydrogel, E. M.
Sergeant Pulp and Chemical Co., Inc., Hoboken, New Jersey; hisamine diphosphate
and E-Toxate (Liwadw amoebocyte lysare assAy), Sigma Chemica Co., St. Louis,
Missouri, Braolla abhtria antigen, rifco Laboratories, Detroit, Mkships.

Vacni a•d dA•hrL40f etri•awim

BPV consisted of heat-inactivated Phase I cells (Connaught Lbratories vaccine
strain derived from ATCC 9797) suspended in diluent (0-•2% thimerosa in
0" 15 m NaCI) to a concentration of 4-0mg/ml (dry wight!.

Fractions derived from B perrussii cells (Connaught Labonatories varcine strain) were
prepared as follows. Cells were grown on Cohen-Wheeler agar medium for 96h at
36°C, harvested, ind washed in phosphate buffered saline (PBK; 0-15m sodium
chloride and 0-05 m sodium phosphate buffer, PH 7-0) The culruw was inactivated
and extracted by overnight incubation in 0"75 u sodium chloride. 0-cO U sodium
phosphate buffer (pH 7-0). and 0-02% thimerosal at 4*C. The cells were removed by
centrifugation and 0- 106g ammonium sulfate per milliliter o(supernatant was added
(209 saturation). After incubation at 4"C for 30 min, the precipitate was sedimented
(10 000g, 40C. 10 mrin) The supernatant was decanted and 0- 1 l3gamrmonium sulfate
per milliliter ofsupernatant was added (40%. saturation). The mixture was incubated
and centrifuged as before. The precipitare, %s resuspended in PBS mod dialysed against
PBS. This acellhuar fraction was designated 15A- IB. Lipopolysacduide was removed
from 15- -IB by treatment with 1 (v/v) Emulphogene BC720 at4Tfor 60rmin. A
prec ipi tare formed and this mixture was then centrifuged at 1OUO00g Dfl"O hat 4C.
The sediment w--; resuspernded in PBS, centrifuged as before, reuspended., A
absorbed to Alhydrogel (1-09F, wlv, aluminum hydroxide gel) to prevent precipi-

2
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ration. The alum-absorbed preparation was designated 1IA-bOA. Poteg laV,,
15A. IB, and ISA-08A was assessed using the mouse protection set. Puteis
content was determined by the method of Lowry and coworkeus." LPS (endosmin)
was assayed by the .ixu/dar amoebocre lysare assay" using Shigdla fimawi LIPS
standard.

Sodimm dodAey/ sl/fat,-pelyacy1,ridt gSd ea1 barih (SDS-PAGE)
The preparations were' denatured .by boiling in 1'0% SDS aMd 1-0% been-

mercaptoethanol. The denatured proteins (100/jg) were separated by elect 5hboemis
iun 6• polyacrylamide gels containing 1-0% SDS.". Proteins were fied andtmained
with 0'25% Comassie blue R250 in 9"6% acetic acid. Gels were scanied.in a Vausan
Cary 210. Molecular weights were caculated using crosslinked hemocyanin, hew.-
cyanin, bovine serum albumin, ovalbumin,' pepsin, trypsinogen and P-lactog1obin
(140, 70, 66. 45, 33, 24 and l8kDa, respectively) as standards.

All studies, except histamine sensitization and perrussis vaccine potency tes, ere
carried out with C3HIHeN mice (4-5 weeks ofage) derived from a breeding colony
maintained in the Animal Care Facility, University of Alabama, a descr i& pme-
viously. 29 All mice were supplied with autoclaved mouse chow and acidified wamrad
libjuem CFW mice used for histam.ine sensitization tests were obtained from C~hides
River Laboratories, Inc., Wilmington, Massachusetts. Female ICR mice used Ix
perrussis vaccine potency were obtained from Buckberg Lab Animals, Inc., Tomkink
Cove, New York, and were maintained at Connaught Laboratories, Inc., Swifiuater,
Pennsylvania, in accordance with the N.I.H. Guide for the Cre and Use ofJaboiary
Animals (DHEW Pub. No. 78-23).

Treatment with BPV, 1SA-IB, or 15A-108A was initiated by intraperiuroel
inoculation of 0"5 of each preparation at the concentration indicated in Table 1. Mice
were inoculated with the vaccine diluent also to serve as controls.

Morse p•orecrioN :ea ,

The potency of BPV and the fractions' was assessed. using the standard mouse
protective test.' "Simultaneous intracerebril mouse protection tests of the rest prepar-
ations and the US Standard perrussis Vaccine were performed according to established
procedures (Code of Federal Regulations, Title 21, Pan 620.4). Briefly. three fivefold
dilutions were prepaied of each test preparation, and the standard. Three groups of
mice, consisting of 16 animals each, were injected intraperitoneally with 0"5ml of
diluted material. Fourteen days after vaccination the challenge inoculum was prepared
by harvesting B. per:siuii strain 18323 from a 24-h culrure grown on Bordet-Gengou
medium and uniformly suspending the bacteria in a solUtion containing 109 casein
peptone and 0"6% sodium chloride at pH 7 1. The suspension was adjusted t 160
units on a Klert-Summerson Colorimeter (number 54 green filter) and further diluted
1:3000 (v/v). The mice were lightly anesthetized with ether and injected intracer-
ebrally with 003 ml of this challenge suspension. The mice were observed daily fir 14
days. The total number of mice in each group, as well as the number active, parallsed,
and dead were recorded for purposes of determining the relative potency ofthe te
preparations relative to the standard vaccine. The standard vaccine contained 9 potency
units per milliliter.

3
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Blood samples were obtained by tail bleed! at designated times dwamtronment.
Counts were obtained by mixing the blood with Turk's solution and countring the

nucleated cells in&a hemocytomerer. " Differential blood cell counts were obaaed from
duplicate &meani made and air-dried at emci bleeding. Smears wese stained with
*Wright-Giemsa stain and at least 100 celk were counted per slide and scored ns
mononuclear (monocytes and lymphocytes) at polymor phosudlar lewhoc~yte (heftr-
ophils,'eosinophils and basophils).

Four days a&her treatment CFW mice vant challenged with 101SOfn ohiitamine!
diphosphare by intraperitoneal inoculation.4 Deaths were recorded 30mmn after
histamine challenge.

Seven days after treatment mice were weighted and killed by cervical disloation.
The spleen was removed, excised from exces hirty tissue. washed in aline, blotted to
remove excess saine and weighed. A splenic index was caleulited by dividing spleen'
weight by body weight.

Mice were injected intraperitoneally with a mixture consisting of 0-11 l of
heat-killed Brucdla abomrat (BA) antigen and 0-5 ad of BPV or the appropriate B.
pffririisu fraction. A control group was give B. aboims antigen only. Serum was
obtained seven days after combined treatment and immunization and the and-BA titer
determ ined. Test serum was diluted ina microtiter plates with round bottomn Wells using
twofold serial dilutions. Brwda~c ahori'rs antigen (0- 1 ml. 1: 10, vfv) was then added to
each well. Control well contained S. abwma antigen and saline diluent. Pltes wr
incubated a: room temperature overnight and the enodpoint recorded at tise highest
dilution with visible agglutination.

Sttsical spalylif

Differences in the mean values of the appropriate experimental systems were assessed
by Student's i-test.

RESULTS

Cbdavaeriz~ation of rl/i eWrael ald fractions

Ammonium sulfate fractionation of the salt extrat from B. pwrams cells selectively
dec reased the content of several proteins. SDS-PAGE ofthe salt extract revealed at least
13 proteins'that ranged in size from 139 kDa (protein I) to I6-5kDa (protein 13)
[Fig. I(&)]. Fractionation ofthe salt extract by ammonium sulfate precipitation to form
the preparat ion designated 15A- IB removed most of the polypeptideswith moolecular
weights of 80 kDa or greater [Fig., I(b). Solubilization ofLIPS by detergent rtyaurment
of 15A-1B to forrr, the preparation designated 15A-108A resulted in precipitation of
protein. The precipitatiun either concentrated two high molecular *'eight proteins that
were not detected previously, or caused an aggregation of lower molecula weight

4



-I

IUS REMOVAL FROM PEITUSSIS VACCINE

_2 W

0.2

A

0-28 (c)

Fig I. Tracings 4owmuu a(ooruiie blue srndSDS-PAGE 'aBwAdlr.pwaswdar smad
fncaes (a) Sa.I extract (b) Frac•two ISA-IS. (Wcrin ISA-SA. .

proteins that was not reversible in the cmcmitiow of SDS denaturation. Decreased
amounts of proteins with molecular weighns than 58 000 kDa were observed also(Fig. 1(c)].

Ammonium sulfate precipitation ofthe sait exract enriched the relative concentra-
tion of lipopolysaccharide in 15A- 1B (Ta• I1). Precipitation of material by Emul-
phogene treatment offraction 15A- IB and ahrpion ofthe material to alum decreased
the relative lipopolysaccharide content wih mpect to protein approximately 4000-
fold, while reducing the mouse protectica ptency eightf6ld.

ComparisoN of tht biological efrwt of BPV a&tvs&udfrt1iai•
Although fractions 15A- I B and 15A- I10A retained activity in the mouse protection

test the fractions differed in biological aciivitim.

TAI.E 1. The characteristics o(B apsasji vaccine (BPV) and
extracted F-zim

LinPaIF- Mouse
Protein mcchide protection

Preparation (."g) (pu) (units)

BPV° 5I 2-34 1-0
I! 5A- 1B 46 74-0 4-I
15A- 108A 12 00M 0"5

2 250 OLg dry weight.

5
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White blood cell counts averaged 8700 mm" after treatment with isccine dilunte.
Leukocyte counts in BPV.treated mice increased to&axaimum valmthrhn tosix der
after treatment. The metns of the elevated leukocyte counts obtained four days after
treatment with BPV a 'na 15A- lB were not signifiantly diflfrenr (FiS.2(a)). Howeme,
the means of the leukocyte counts obtined four days after. treatment with SPY anod
15A- 108A were significantly different. Differential counts of blood swmea indicated
that the leulcocytosis consisted of approximately equial numbers mornronuclear anod
polymorphonuclear cells. A slight, transient increase in Jeukocytoais wasiobserved 12 Is
virre treatment with BPV and fraction ISA-1OSA (Fig. 2(b)). The response was
short-lived and leu~kocyte counts decreased befor dhe major leukocytosis response
initiated 48 h after treatment. The majority 6f cells during the period of transient
leukocytosii were polymorphonuclear.

The lethal dose of histamine diphosphate for nritmall CFW mice was approxiamtely
200 mg per 208g body weight (data not 'shown). To determine whether B. perviatt-
derived fractions could induce sensitization to histamipe, groups Jfmie 'were ereated

*with 'BPV, 15A-ISB, 15A- 108A or vaccine diutot. All mpice u~eired previously with
-vaccine diluent survived (Table 2). AlU mice treated previously with BPV or 15A-IS
died within 10-30mrin after histamine challenge. In contrast, acellular GLactiom

* IS5A- 108A induced histamine sensitivity in only a portion of the creaed mice (55%).

Mice treated with BPV showed a significant increase in spleen weight over controls
(Table 3). Mice treated with 15A- I B developed signilcane levels ofspletiomegaly also.
In contrast, mice treated with 15A-lOSA did owa develop a significant increase in
spleen weight as compared to animals, treated widi vaccine dilu~eme.

6C

.10)

E
E Cb

40,

20

0 2 4 6 a C

FiS 2. Lmukoe1c~ai afte mrnmenr with Be~rdIVe, puvuun vccift (SMV. fiticari ISA-18, Wr
trliwou 15A- 103A. (a) Tretrment with BPV (0)a&M frwtarn 15A-15 (0). Cb)Tetmmo with hrY (0)
arid tracTice 15A- 106A (0).
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TAILF 2. The effects of treatment with BwZAs Pwos i e
(BPV). vaccine diluent, fraction ISA-II. w fiatinm 15A-18A as

histamine sensitization in CFW mir

Mortality aer himmime chtai lea
Treatment (dadststile

Experimen I
Diluent
BPV /

Fraction 15A-IB " lOlO
Experiment 2

Diluent W16
BPV it/to

Fraction 1A-108A 611

Adjuvancy effects o(BPV and B. pwa"mUi-•rved frctiou oao T-cel independent'
antijen were assessed using heat-killed B. awtas as antigen. Mice injected with BP"
and B. AwraJ produced signi6cantly higher titers ofantibody against B. &AWni than
mice treated with either a combination of B. .hWpu andt i1A-1B or B. itps and

I1A-O 10A (Table 4).

DISCUSSION

Morse aod coworkers observed a transient leutocytosis 12b after treatment of mice
with BPV and the), attributed the leukocytosis to the activity of'eadtouin in their BPV
preparation."-"' In addition, splenomegaly has been associated with the presence of

TADLE 3. Splenomegal) after treatment with Bo ~IlpmeiJ vaccine
(BPV), vaccine diluent, fraction 15A-I1, or ractim ISA-IOSA on

histamine einsitinrion in CFW mice

No. ;f
Treatment mice Mean SD

Experiment I
Diluent 6 4"4 1.1
BV 10 12.6 3.Y8
Fraction ISA-IB 10 6-9 1."

Experiment 2
Diluent 21 4"5 0"9
BPV 15 12"6 2"It
Fraction I1A- 108A 28 5.1 1.lt

Steiro wrt siltnificnitly dtieium fnrm dilm cvimirW by Studmt's i-cm.
P < 0-0).

t Meawu wet signi6catly diflmw fiam djiri coaut by St,-m'ks r.-ru.
P < 0.05.

7
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TABLE 4. Adjuvant activity of BnwdevI• Plwtazm vaccine (BSW). voccine dilMum. fraion
15A-IB r fiacto I5A-l0A

Anti-B. ahwv g te

Treatment Mew SD

Experiment I
DilIuent 3"9 I1.

hPV 6-6 2.5•
Fraction 15A-I1 5.5 0-5"

Experiment 2
Diloent 4.7 1"9
BPV 6-9 29t
Fraict o 15A-t08A 5-0 2"0

M ran were si.nii~a.rI) dsffrre 6rndIiwaa €u by Sua.n's..
P < 0.0O5

I Measn w$ ,lntficatnrly differmnt fm difueo comnal by Stu&ams tim.
P < O.O0

endotoxin.' Our data support their hypothesis, since the erdowxin-&6cim I.SA-
* 108A did not elicit these responses.

BPV acts as an adjuvant to many antigens in varow animal species. " It is usually
most effective when given simultaneously with the antigen.1$* although there ar
exceptions."5 The mechanism responsible for the enhancing elfect Of BPV on artibody
production is unclear. Reed arnd coworers'e suggested BPV'e: -m its effees directly
on the prcursor of antibody-forming cells by increasing their race o(dwision. Finger
and coworkers 9 concluded that the adluvaaney response was due to an increased
recruitment of antgen responding cells and proliferation of memory cells. The
adjuvancy activity of B prontaii endotoxun may be dependent on the type of antigen.
Vogel & Klein reported that endoroxin dArived from B erartiu has adjuvant activiry in
an lo ,itrr plaque assay with sheep red blood cells. '. Sulhzer and coworkers have shown
reently that the e.idotoxin-a.wciated prcxesns of B p'yarin have marked adjuvant
activity with cholera enterotoxin.4 In (ontrat, Monji and (owo'kers did not observe
adjuvant activity of B perrivhii endotoxin with Ha.mep/ilas sflAwu type b capsular
polyssccharide " One has to consider that removal of the oligomeric piotein called
periussigen (lymphocytosis promoting factoe)4`" from ISA- lB might decrease the
adjuvanr activity However, the adjuvant activity of perTUw..irn remains unclear also.
Both enhancement and suppression o" an antibody rnsponse by pertusigen has been
reported " Owu 6ndings that the detergent-trrted f(rctmon IA- 104A had crased
adiuvancy activity supports a role fot endotoxin and possibly endotoin-a.sociated
prm'eiru in the adtuvancy phenomenon.

The dvelopment of 9 relatively ine-rrensive aelular B AW&iUt vaccine with
decrr•sed iide r-actions represents a solution to many of the current problems
enrountered with the chnica ,usage of BPV. One step toward this goal is the
preparation of acellular vaccine without the deleteriocis immunomodulatoryactivi-
tie-s of whole cell BPV Me- .hanisms involved in immunoniodul[ation by BPV have been
defned, but the o-.eral! a&tiv•.ires o(fhes mechanisms in the host-parasite relationship
remains uncla•r.
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Wit have demonstrated that an acellulafsfrction ofBPdesagnsfed 15A- IS elicited
several of the aznmunomodulatory recton associated with SPY. Detergesit treatment
of this fraction' reulted in a preparation with reduced leukocytoums sad histamine
*sensitization associated with pertussis roxin and reduced sple-nomegaly and adjuvant
activity associated with lipoplysaccharide, yet the preparation retained protective
activity against B. prcuvuirij infection of the mouse. A portion of the decreased perrussis
toxin activity and the mouse protective activity of 15A- 108 may be due roadsorprion of
15A- 108A to aluminum hydroxide Set. Fraction 15A-10SA retained thse antiviral
activity Associated With B. pe",Wiji 2120.4"A' Emuiphogen treatment provides a
relatively simple method for removing endotouin from a potential acellular B. Peritui
vaccine.
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